To lower the viscosity of composite resins, experimental composite resins were produced using low-viscosity monomer mixtures of newly developed polyfunctional acrylates, and the mechanical and physical properties of the hardened composites were investigated.
INTRODUCTION
Plastic filling materials have been frequently used in the dental field, and the number of commercially applicable and available materials is increasing 1） . Recently, for the purpose of minimal intervention, flowable or high-flow composite resins featuring low viscosity have been clinically evaluated and received many high accolades 2） . Compared with conventional composite resins, these new composite resins boast of a few advantages due to their low viscosity: easily applicable to cavities with complicated forms, time required for the filling procedure is short, and excellent in cavity sealing 3,4） .
To produce this type of low-viscosity composite resins, it is necessary to lower the viscosity of base monomers and evaluate the filler content. This is because despite the many commercially available products, no adequate basic study on the lowering of the viscosity of composite resins has been performed. To date, viscosity has been lowered by decreasing filler content in the currently available products. However, it is well known that decrease in filler content will affect various properties of a hardened composite resin 5） , such as the mechanical strength and curing shrinkage. Against this background, it is important to investigate how to lower the viscosity of a composite resin without decreasing its filler content 6） . Thus far, the most uncomplicated method of decreasing the viscosity of composites is to lower the viscosity of the monomer mixture itself. It seems that this can be easily achieved by using newly developed low-viscous and low-shrinking light-curing monomer mixtures 7） . These mixtures were developed in the laser-assisted, three-dimensional mold making field as the monomer components of dental composites. With these monomer mixtures, it was anticipated that they would decrease the curing shrinkage of dental composites.
The focus of this study was how to lower the viscosity of dental composites. To this end, composite resins were experimentally produced using novel, low-viscosity monomer mixtures. In these mixtures, newly developed 6-or 8-functional acrylate monomer was used as the base material. Then for the purpose of investigating their dental application possibilities, their mechanical and physical properties were evaluated and compared with those produced using a conventional bis-GMA monomer mixture. Table 1 shows the base monomers and diluent monomers used in this study. Monomer mixtures, M -A and M-B -which were developed for laser-assisted, three-dimensional mold making -were applied to the preparation of dental composite resins. Monomer mixture M-A was developed aiming at low viscosity and high mechanical strength, and monomer mixture M -B was developed aiming at low viscosity and low curing shrinkage. For the light-induced initiator of M-A and M-B, it was a mixture of bis-（2, 6-dimethoxybenzoil） -2,4,4-trimethylpentyl phosphine
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Hiroyuki OKAMURA 1 , Taira MIYASAKA 1 and Tuneo HAGIWARA oxide and 2-hydroxy-2-methyl-1-phenylpropane-1-one in 1:3 weight ratio （Irgacure 1700, Ciba Specialty Chemicals, Basel, Switzerland） . As for the control monomer mixture, it was a mixture of bis-GMA and triethyleneglycol-dimethacrylate （TEGDMA） in 2:1 weight ratio, to which 1 wt％ of light sensitizer （camphorquinone, Tokyo Kasei, Tokyo, Japan）as a light-induced initiator and 1 wt％ of dimethylaminoethylmethacrylate （Tokyo Kasei, Tokyo, Japan）as a reducer were added. Furthermore, three polymer specimens of monomer mixtures alone were produced according to the production method of specimens to measure the mechanical properties mentioned below.
Fillers
Irregular fused quartz （ST-5, Tatsumori, Tokyo, Japan） of 5 μm in average particle diameter and microfillers（OX -50, Japan Aerosil, Tokyo, Japan）of 50 nm in average particle diameter were mixed at a weight ratio of 70:30.
Silane treatment of the filler mixtures was performed using γ-methacryloxypropyltrimethoxysilane （γ-MPTS, Tokyo Kasei, Tokyo, Japan）according to our previous studies 8,9） . Based on the surface area of each filler, the amount ofγ-MPTS to uniformly cover the surface of fillers at 5 molecules/nm 2 was calculated 9） , and silane treatment was performed in 95％ ethanol solution with 5％ water at 50℃ at 140 rpm with concussion for one hour. After treatment, the solvent was removed at 50℃ under decompression, and fillers were dried at 90℃ and finely powdered.
Preparation of light-curing composite resins
After adding 1 wt％ of light-induced initiator （camphorquinone, dimethyl-aminoethylmethacrylate） to bis-GMA based monomer mixture, mixing with 50, 60, or 70 wt％ fillers was performed for 10 minutes using an automatic mortar. After mixing, mixture in the mortar was vacuum-evacuated in a desiccator for one minute and then used as composite resin.
Composite resins of monomer mixtures M -A and M -B were also made by mixing with 50, 60, or 70 wt％ fillers and following similar procedures mentioned above.
Preparation of specimens and measurement of mechanical properties Regarding compressive strength test specimens, each monomer mixture or experimentally produced composite resin was filled into a 6-mm long glass tube of 4-mm internal diameter（6 mm in external diameter） from the top end, placing a 0.1-mm thick polyester film on the top and bottom ends of the glass tube without introducing air into the tube. After pressing and adhering the polyester films to both ends of the tube, pressure adhesion on the top end was performed using a glass plate. Next, the specimens were placed in a visible light curing apparatus （Labo-light LV-I, GC, Tokyo, Japan） . After light irradiation for 15 minutes, the specimens were reversed and light irradiation was performed for another 15 minutes.
Regarding diametral tensile strength test specimens, a 3-mm long glass tube of 6-mm internal diameter （8 mm in external diameter） was used. Specimens were produced by the same method as for the compressive strength test specimens.
Regarding three-point bending test specimens, a polyester film was placed on the lower surface of a 2×2×25 mm stainless steel metal mold. After filling the mold with composite resin and covering it with a polyester film, pressure adhesion was performed using a glass plate. Thereafter, the specimen was irradiated with light （Eliper Hilite, Hakusui, Osaka, Japan）for one minute, whereby irradiation area was separated into three sections from the upper surface in the long axial direction. After reversing the specimen, it was likewise irradiated with light for one minute, where the irradiation area was also separated into three sections in the long axial direction.
Having produced three specimens for each mechanical strength measurement, they were immersed in water at 37℃ for 24 hours before being tested. As mentioned previously, specimens of monomer mixture alone without fillers were also produced and the polymer properties of each monomer mixture were compared.
For compressive and diametral tensile strength tests, specimens -having been immersed in water at 37℃ for 24 hours -were measured using a universal test machine（Autograph DCS-10T, Shimadzu, Kyoto, Japan）at a crosshead speed 1 mm/min.
As for the three-point bending test, it was performed using an accurate universal test machine （MSK PL-300, Marubishi, Tokyo, Japan）under the conditions of interfulcrum distance at 20 mm and full-scale 50 kgf at a crosshead speed of 1 mm/min.
Measurement of setting shrinkage
Setting shrinkage was measured using an electric micrometer （5 gf measurement load; Digicom, Tokyo Seimitsu, Tokyo, Japan） by the mercury bath method 10）
（i.e., free expansion of the specimen on a mercury bath was performed） . Composite resin was set so that the specimen length became approximately 15 mm, and numerical values were measured after the initiation of light irradiation for one minute until 90 minutes after. During measurement, analogue output from the indication meter of the electric micrometer was input into a computer via an AD exchange board （AZI-274, Interface, Hiroshima, Japan） , and data were collected every 10 seconds starting from the initiation of measurement.
Statistical analysis
The mechanical properties and setting shrinkage were investigated according to two-way experimental design with three iterations. Then, all data were analyzed statistically by one-way （in case of unfilled resin）or two-way ANOVA. If significant differences were detected in main effects or interactions, Tukey's test was performed to examine the statistical difference between mean values.
SEM observation
Scanning electron micrographs （SEM） of the fractured surfaces of composite resins after mechanical strength tests were obtained using a SEM apparatus （S-4000, Hitachi Co. Ltd., Tokyo, Japan） . Table 2 shows the viscosities of monomer mixtures, and the compressive, diametral tensile, and threepoint bending strengths of the polymers of monomer mixtures alone without fillers.
RESULTS
Physical properties of unfilled polymers
Viscosity of the monomer mixtures experimentally produced in this study was below 1/20 of the viscosity of bis-GMA/ TEGDMA monomer mixture, showing a markedly low value. Furthermore, it was revealed that the polymer produced from M-A had the same mechanical strength as the polymer of GMA, and that polymer produced from M -B had lower compressive strength and higher diametral tensile strength, but Table 3 shows the results of two-way analysis of variance for three measurements of compressive strength of three types of monomer mixture with three different filler contents. A highly significant difference（p＜0.01）was noted only in the main effect of filler content, as shown graphically in Fig. 1 . In this figure, compressive strength increased as filler content increased from 50, 60, to 70％ -with a maximum compressive strength value of approximately 350 MPa when filler content was 70％. Table 4 shows the results of two-way analysis of variance for diametral tensile strength. Highly significant differences（p＜0.01）were noted in the main effects of monomer type and filler content, as shown graphically in Figs. 2 and 3 .
Mechanical properties of composite resins
In Fig. 2 , although diametral tensile strength increased in the order of M-B, M-A, and GMA, no sig-LOW-SHRINKING AND LOW-VISCOUS COMPOSITE RESIN 440 nificant differences were noted between GMA and M -A by Tukey's test, and only M-B showed a significantly low diametral tensile strength. Fig. 3 shows that diametral tensile strength increased with increase in filler content. While no significant differences were noted between 50％ and 60％, diametral tensile strength increased significantly at 70％. Table 5 shows the results of two-way analysis of variance for bending strength. Highly significant differences（p＜0.01）were noted in the main effects of monomer type and filler content, and in the interaction between monomer type and filler content, as shown graphically in Fig. 4 . In this figure, although bending strength increased with increase in filler content, the tendency differed according to the type of monomer mixture. In other words, although bending strength increased rapidly in GMA when filler content increased from 60 to 70％, it increased almost linearly with filler content in M -A, and the degree of bending strength increase with filler content was lowest in M-B.
Setting shrinkage of composite resins Every composite resin showed more than 80％ of overall shrinkage within two minutes from the initiation of light irradiation. Then, shrinking rate declined exponentially with increase of elapsed time. After 90 minutes, the amount of shrinkage of composite resins produced using M -A（-0.90％）and M -B （-0.72％）was markedly smaller than that of composite resin produced using GMA（-1.65％） . Table 6 shows the results of two-way analysis of variance for setting shrinkage. A highly significant difference（p＜0.01）was noted in the main effect of monomer type, and a significant difference（p＜0.05） was found in the main effect of filler content, as shown graphically in Figs. 5 and 6.
In Fig. 5 , the highest shrinkage was found in GMA, followed by M-A and M-B. In Fig. 6 , shrinkage was highest when the filler content was 50％, followed by 60％ and 70％. Setting shrinkage decreased linearly with increase in filler content. fracture surface of composite resins after three-point bending test. Fig. 7 shows the fracture surface of composite resin produced using M-A with 50 wt％ of fillers, while Fig. 8 shows that of composite resin produced using M-A too but with 70 wt％ of fillers. The fracture surface of 50％ filled composite seemed smooth and that almost the entire surface was covered with resin matrix. Nonetheless, upon comparison of Figs. 7 and 8, it was found that the fracture surface of 70％ filled composite was more closely packed with fillers than that of 50％ filled composite. This observation was apparently correlated to the increase of filler content. The fracture surfaces of composites made from M-B and GMA were almost identical. Hence, the cause of differences in mechanical properties between these two composites could not be found out by SEM observation. 
SEM observation of fracture surfaces
DISCUSSION
This study evaluated the dental application possibility of low-viscosity monomer mixtures, in which polyfunctional acrylate monomers were developed as base materials for laser-assisted, three-dimensional mold making. As shown in Table 2 , the viscosities of novel monomers used in this experiment were below 1/20 of the viscosity of bis-GMA/TEGDMA （2/1 weight ratio） monomer mixture, and were clearly lowviscosity monomer mixtures. Regarding the physical properties of polymers produced from monomer mixtures alone, the results of compressive strength, diametral tensile strength, and bending tests revealed that the mechanical strength of both M-A and M-B was not so different from that of GMA. Furthermore, since the new monomer mixtures used in this experiment were considered useful as monomer components of composite resins, fillers were added to these monomer mixtures to evaluate their performance as composite resins.
Regarding the physical properties measurements of composite resins produced with varied amounts of silane-treated hybrid fillers, two-way analysis of variance was performed for evaluation purpose, where monomer mixture type and filler content were set as main factors.
For compressive strength, no significant differences were noted among the monomer mixture types, and a highly significant difference was found only in the main factor of filler content. In other words, the compressive strengths of composite resins produced using the new monomer mixtures（M-A, M-B）were similar to that of composite resin produced using bis-GMA monomer mixture.
For diametral tensile strength, composite resins produced using GMA or M-A exhibited higher strengths than the composite resin produced using M-B.
This result differed from the compressive strength result of the composite resins. We speculated that when fillers were added, the affinity of silane treatment agent for the filler surface and monomer influenced the physical properties of the hardened composite resins. In contrast to the lack of affinity between fillers and monomers, the addition of silane treatment agent therefore influenced diametral tensile strength to a greater degree than compressive strength.
For bending strength, the influence of filler content differed among the monomer types. Although the bending strengths of M-B and GMA increased rapidly from 60％ to 70％ in filler content, the increase of bending strength with the increase of filler content was comparatively large and almost linear in M-A. In general, the mechanical strength of composite resins increases linearly with increase of filler content in the region of relatively low filler content.
In this regard, the linear increase of M -A's bending strength could be attributed to the evaluated filler amounts being considered low in M-A. This meant that the composite resin of M-A could contain a larger amount of filler, and this effect might be caused by the affinity of silane treatment agent for the filler surface and monomer.
In terms of setting shrinkage, the shrinkage amount of composite resins produced using M-A （-0.90％）and M-B （-0.72％）was markedly lower than that of composite resin produced using GMA （-1.65％） . It seemed that the new monomer mixtures tended to cause considerably small setting shrinkage. Such small setting shrinkage might be attributed to the relatively large volume of polyfunctional monomers and the relatively small intermolecular distance. We assumed that the intermolecular distance of polyfunctional monomers with a bulk structure was similar to that of smaller molecules. When polymerization occurred, the decreasing amount of intermolecular distance of a bulky monomer would be similar to that of a smaller molecule, but the relative decrease in intermolecular distance/ molecular volume ratio would be smaller. Through the SEM images of the fracture surfaces, a strong connection between the new monomer mixtures and fillers was shown. Further, the SEM images did not show any significant difference in filler-matrix connectional condition due to differences in monomer type.
These findings suggested that the mechanical strength of the new monomer mixtures in this experiment was equivalent to that of conventional bis-GMA based monomer mixture. Furthermore, with a small amount of setting shrinkage during polymerization and a markedly low viscosity, these novel monomer mixtures showed excellent properties as monomer components of dental composite resins.
CONCLUSIONS
To evaluate the application possibility of polyfunctional acrylic monomers newly developed in the laser-assisted, three-dimensional mold making field, these novel low-viscous monomer mixtures were used as base materials of composite resins in the present study. The mechanical and physical properties of unfilled resins and composite resins were investigated, where the chief aim was on lowering the viscosity of composite paste. The following conclusions were obtained after comparing the properties of composite resins produced using bis-GMA monomer mixture:
1）Mechanical strength of polymer obtained from the new monomer mixture（M -A）without fillers was similar to that of bis-GMA based polymer.
2）Composites consisting of new monomer mixtures possessed similar compressive strength to the bis-GMA based composites, although the viscosity of composite pastes even with high filler content was markedly lower than that of bis-GMA based composites. Furthermore, the compressive strength of composites increased with increase in filler content.
3） Diametral tensile strength of the composite consisting of a new monomer mixture （M -B） was significantly lower than those of other monomer systems. Likewise, diametral tensile strength increased with increase in filler content.
4）Bending strength of the composites increased with increase in filler content. In particular, the composite consisting of a new monomer system（M -A） showed an almost linear relationship between bending strength and filler content.
5）Setting shrinkage of the composites consisting of new monomer mixtures was significantly smaller than those of bis-GMA based composites. Furthermore, it was found that setting shrinkage decreased with increase in filler content.
Based on the comprehensive findings of the new monomer mixtures, we concluded that M-A is preferred to M-B because of the former's higher mechanical strength.
